Fire spread in high rise buildings from floor to floor occurs if flames emerge and extend on the façade of the building to cause ignition in the floor above the floor where flashover has developed. Even though considerable effort has been exerted to address this issue, proposed relations for heat fluxes on façade are incomplete and contradictory because the relevant physics have been poorly clarified. By systematically performing a series small scale experiments having various enclosure geometries, door-like openings and fire locations, the physics and new relations are underpinned for the emerging flames on inert facades in ventilation controlled (under-ventilated) fires at the floor of fire origin. To limit the variables and uncertainties, propane and methane gas burners create a controlled (theoretical) heat release rate at the source. Gas temperatures inside the enclosure and at the opening, heat fluxes on the façade wall, flame contours (by a Charge Coupled Device camera-CCD camera) and heat release rates (by oxygen calorimetry) inside and outside the enclosure have been measured. The gas temperatures inside the enclosure were uniform for aspect ratio (length to width) of the enclosure from one to one to three to one. Previous relations for the air inflow and heat release rate inside the enclosure were verified. The flames are highly radiative because soot can be formed at high temperatures inside the enclosure before the combustion gases and the unburned fuel exit the enclosure. The heat fluxes on an inert façade, both at the centreline and off-center above the opening, have been well correlated by identifying two length scales. One related to the effective area of the outflow ( 1 ), and the other represented the length after which the flames turn from horizontal to vertical ( 3 ). Finally, Correlation of the maximum flame width which is valid for the case having aspect ratio of the opening (width to height) between 0.375 and 2 was proposed in this paper. The results can be used for engineering calculations for real fires and for validation of new large eddy scale simulation models. 
NOMENCLATURE LISTING

A
INTRODUCTION
Several experiments have been conducted to investigate the heat exposure to a wall from different configurations. Such as flames at a line fire against a wall [1] ; a vertical burner flush with the bottom of a wall [2, 3] , and flames emerging from an opening of an enclosure [4] [5] [6] . The first configuration is similar to the flow on façade of excess unburned fuel exhausting from the opening of an enclosure. It does not however represent exactly façade flames ejected from an opening since the flames are ejected horizontally before they turn upwards. In addition, the flammable gases ejected from the opening in the façade configuration have been preheated in the enclosure whereas the flammable gas from a line or vertical burner flush with the bottom of the wall is supplied at ambient temperature. Therefore, the soot production in the latter case does not reflect the level of soot developed for the fire gases ejecting from the opening of a burning room. Detailed examination of previous works [4] [5] [6] [7] dealing with heat flux on façade owing to window flames, it is seen that only experimental results were presented and discussed but no correlations were presented. In addition, most of the previous experiments concerning heat fluxes on the façade due to fire plume were conducted using enclosures of fixed geometry and burner location. Thus, in order to investigate the influence of enclosure and opening geometry as well as the soot tendency of the fuel on the heat fluxes exposed on the façade, a reduced scale model of variable room geometry, opening geometry, fire sizes and fire location inside the enclosure using different soot tendency fuel as heat source was designed.
In previous research, heat fluxes were only measured at the centreline above the opening using commercial heat flux gauge (i.e. Gardon Gauge). To map the heat flux distribution on a façade, new and inexpensive heat flux gauges were designed and installed at several locations in the façade. A Steel plate apparatus, which is reliable, robust and much less expensive compared with commercial gauge, has been previously employed to measure total heat flux on enclosure walls or ceiling [8] [9] [10] [11] [12] . However, some uncertainties related to the conduction losses from the steel plate to surrounding insulation still exist [8] [9] [10] [11] [12] . To overcome these uncertainties, a modified steel plate was designed and calibrated by comparing steel plate heat fluxes with that measured by the Gardon gauge.
Three different enclosures with door like openings were chosen as described in the next section including an introduction of a modified steel plate heat flux gauge and description the experimental procedure. The fire source was a gas burner using methane and/or propane. Subsequently, the results for actual heat release rate, gas temperatures, heat fluxes (both at the centreline and off-center above the opening) and flame width are presented followed by an analysis of the physics and corresponding correlations. Moreover, flame shapes on external façade and their relationship with the correlation results of flame height were presented in this research. The last section presents the main conclusions of this research.
EXPERIMENTAL SET-UP AND PROCEDURE
Three different enclosure geometries numbered 1, 2 and 3, made of fibreboard walls were used, having a front face 0.5m x 0.5m and depth 0.5m, 1m and 1.5m respectively. They were assembled from cubic modules of size 0.5m x 0.5m x 0.5m each. The openings at the front face were all door like and centred having the following widths and heights respectively: 0.075m x 0.2m, 0.1m x 0.2m, 0.2m x 0.2m and 0.3m x 0.1m. Propane and methane rectangular sandbox burners were the fuel source to precisely regulate the fuel supply rate by a mass flow controller. The locations of the burners were at the centre of each module as shown by the notation A, B, and C in Figure 1 . For each enclosure geometry, experiments were run with the burner at each of the locations A, B and C as shown in Fig. 1 and detailed in Table 1 . The external façade was constructed by fibreboard plates as shown in Fig. 2 , which also shows the instrumentation of heat flux gauges on the façade. The measurements included:
1. Gas Temperatures Gas temperatures inside the enclosure were measured by thermocouple trees having six 1.5mm type K thermocouples with position 10 cm apart at two corners as indicated in Table 1 .
Heat Release Rate
Actual heat release rate from the assembly of the enclosure and façade were obtained by placing the assembly under a calorimeter hood and analysing the combustion gases [13] .
Flame height:
A CCD camera and an image-processing technique were employed to map flame presence probability and to determine the extent of the external combustion [14, 15] . The image processing technique (CCD camera) to determine locations where the flame presence probability is equal to 50% was validated both by determining the center of the maximum standard deviation of fluctuations and by measuring the local flame gas temperature to be 500 0 C [16, 17] . Accepting the so established methodology to measure the flame heights and widths, the uncertainty is less than 2%.
Total heat fluxes on the façade:
The apparatus with thermocouples spot-welded to the back of the steel plate has been previously employed in Ref. [8] [9] [10] [11] [12] for heat flux measurement. However, some uncertainties in measuring heat
flux by this method have not been clarified as yet. Thus, to overcome this defect, a modified steel plate methodology (see the experimental procedure below) was developed in this research to measure total heat fluxes on the façade as shown in Fig. 2 . All the gauges identical in design were used because they are easier to install and less expensive than the Gardon gauges. The methodology to deduce the heat fluxes using the steel plate gauge was validated by those measured by the Gardon gauge both in selected places in the present tests (see the steel plate labelled as U and L in Fig.2 ) and also in measurements in the cone calorimeter [12, 16, 17] ( uncertainty less than 2%). The details of the steel plate gauge (dimensions 25 mm by 25 mm by 5 mm) embedded flush to the surface of the façade insulation and a type K thermocouple wire spot-welded to the its rear surface is illustrated in Fig. 3 . The experimental procedure was designed to establish steady state conditions inside the enclosure was achieved as follows: a) By increasing the flow rate of the fuel (or theoretical heat release rate) at a fixed rate after its ignition until the desired flow was reached, and the gas temperatures in the enclosure reached a plateau. This procedure took about 15 minutes.
b) To deflect the flames and thereby prevent the flames from impinging on the façade and imposing a heat flux on the steel plate gauges, a horizontal ceramic fibreboard plate (see Fig. 2 ) was placed over the opening when flames start to appear outside of the opening.
c) The horizontal fibreboard was removed after quasi-steady conditions were established in the enclosure and the flames were now attached to the façade exposing the heat flux gauges suddenly to the heat flux from the flames. The total heat fluxes on the façade can then only be calculated by averaging the results calculated by the energy storage equation shown in Eq.1 over 50 second time period immediately after exposure. The advantage for this experimental procedure is that the reradiation and conduction losses from the steel plate (see Fig. 3 ) are negligible because steel plate temperature is still low at the time when the horizontal plate just removed.
Where ρ , C p and δ are the density, specific heat and thickness of the steel plate, respectively. The derivative, dt dT , is determined from the measured steel plate temperature.
All the experimental tests and conditions are summarised in Table 1 .
EXPERIMENTAL RESULTS
Heat Released Rate inside the Enclosure
To simulate the real fire scenario where the gas temperature increase with time and can reach a quasisteady state for fully developed fire conditions, we increased the flow rate of the gas in the burner by small steps until the designed steady (maximum) value was reached. Figure 4a shows the history of actual heat release rate (measured by calorimeter) and theoretical heat release rate (calculated by heat of combustion of fuel times the gas flow rate). It is seen that the theoretical and actual values are the same before the first plateau is reached in the actual heat release rate. During this plateau period, flames existed only inside the enclosure with excess pyrolysate escaping outside the enclosure (for example, the theoretical HRR equals to 37 kW at the end of the intermediate plateau in Fig. 4a ) until it ignited after a certain time. After this ignition the measured heat release rate jumped up to the value corresponding to the designed steady state heat release rate. Inspection and comparison shows that the first plateau value of the actual heat release rate is equal to 1500AH 1/2 (kW). The same behaviour was observed for all openings and unexpectedly all enclosure geometries employed in this research (see Figure 4b and 4c) . This implies that the heat released inside the enclosure in the case of under-ventilated fires can be calculated using the equation below, which verifies the prediction presented in previous work [6, 18] . Fig. 4b . HRR profile for the experiment having 2B enclosure geometry (see Table 1 ) and 0.1m by 0.25m opening with theoretical HRR 40kW. Fig. 4c . HRR profile for the experiment having 3C enclosure geometry (see Table 1 ) and 0.075m by 0.2m opening with theoretical HRR 50kW. Figure 5 shows the temperature distribution inside the enclosure for all of the experiments having 20cm by 20cm opening. The temperatures were averaged over 2 minutes period after quasi-steady state conditions are reached. It is observed that the qusi-steady state gas temperature inside the enclosure is quite uniform from top to the floor of the enclosure for each enclosure geometry. Moreover, the gas temperatures inside the enclosure do not essentially depend on the supplied theoretical heat release rate for the experiments having same opening and same enclosure geometry. Additional, observations were made from experimental work conducted in this research where the heat released inside the enclosure only depends on opening geometry and regardless of enclosure geometry, burner location and theoretical heat release rate. It is quite close to ) kW (  H  A  1500 as shown in Fig. 4 . This behaviour implies that the mass inflow of air at the opening is controlled by the opening geometry which equals 1500AH Heat Flux Distribution Figure 6 shows heat flux distributions along the centerline above the opening against the value of f Z / Z for experiments having various room geometries and burner locations, where Z and Z f are the location of the heat flux gauge in the external façade and the measured flame height, respectively. Both Z and Z f are measured from the position of the neutral plane which is 0.4H above the bottom of the opening [16] . The flame height data, obtained by CCD camera and an image-processing technique, and their correlation has been presented elsewhere [16, 17] . The heat flux distributions are similar in the experiments having same opening factor and fuel supply rate (i.e. theoretical HRR) regardless of the burner location and enclosure geometry (Fig. 6a ) except for the one having a cubic geometry and 0.2m by 0.2m opening where a higher heat flux distributions were measured at locations near the top of the opening (Fig. 6b) . A possible explanation for this is that experiments with 0.2m by 0.2m opening and one box enclosure geometry always reached the higher enclosure temperatures (above 1300 K) compared with those having small opening geometries or rectangular enclosure geometries [16] . The high enclosure temperature preheats the fuel inside the enclosure. The gaseous fuel then was decomposed and facilitated the formation of soot particles exhausted with flames outside of the opening. This decomposition of gaseous fuel due to the effect of preheat was reported by Delichatsios et al. previous research [19] . This phenomenon is confirmed by the observation during the experiments that severe smoke was generated in the case having one box enclosure geometry and 0.2m by 0.2m opening where sooty flames causes higher radiation heat transfer from flame to the façade. (Note: "1, 2 and 3" represents enclosure geometry; "A, B and C" represents burner location) Figure 7 shows the comparison of heat flux distributions along the centerline above the opening between methane and propane fuel experiments. It can be observed that heat fluxes are close at the location of the tip of mean flame height (Z/Z f =1) for both fuel experiments (see Figure 7a , 7b) except in the cases of the experiment having 0.2m by 0.2m opening and high fuel supply rate (i.e. 50kW and 60kW HRR, see Figure  7c ). This difference might be due to the heavy soot developed in these propane fuel experiments, which causes higher radiation heat transfer to the façade compared with that in methane fuel experiment. Heat fluxes at the location of mean flame height (Z/Z f =1) increases with HRR for both fuel experiments (see Figure 7a and 7b). As expected, somewhat higher fluxes occur in propane fuel experiments in the region below flame height, whereas very comparable heat fluxes were found above flame height region for both fuel experiments. One reason may be explained that propane fuel has higher radiative component of the heat release rate (
) and sooty yields ( s y ), which is the dominant heat transfer mechanism from flames to façade within the combustion region, compared with methane fuel [20] . . After the burning is completed, heat exposed to the façade is transferred only by convection. 
OFF-CENTER HEAT FLUX AND MAXIMUM FLAME WIDTH
Correlations of the flame height and the centerline heat flux have been presented elsewhere [16, 17] where also the length scales 1 and 3 associated with this flow are defined as below.
where A and H are the area and height of the opening, respectively.
1 is the length scale related to the effective area of the outflow for under-ventilated fires [16, 17] 3 is the length scale represented the length after which flames turn from horizontal to vertical due to buoyancy for under-ventilated fires [16, 17] The off-center heat flux distribution in the wall within the combustion region at different levels above the opening has been calculated by interpolation of an assumed parabolic profile using the three measurements at each height from the opening (see Fig. 2 ). Moreover, based on the same definition as for the mean flame height [2] , the width of the combustion region has been determined at the location where the flame presence probability is equal to 50%. For example, the profile obtained by the contour of the probability of the flame presence is illustrated in Fig. 8 . Correlation of off-center heat fluxes and correlation of the flame width are discussed in the following section, respectively.
Correlation of the Off-Center Heat Fluxes below the Flame Height
Modeling of the heat fluxes by radiation is based on the following propositions a) The radiant fraction from the flames on the façade which is generated by the heat released outside the enclosure is constant as the scale increases as it has been shown for buoyant turbulent flames ( [22] ) except for very large pool fires where the radiant fraction decreases owing to radiation blockage.
b) The flame height characterizes the distribution of the radiant output per unit height from which the heat fluxes to the surface emanate.
Based on these propositions, the heat fluxes at the centerline of the façade are well modelled essentially by the function below which also was shown [16, 17] to predict well the heat fluxes in the large scale facade experiments in [5] :
is the heat released outside the enclosure for the present under-ventilated fires.
The following analysis is an extension of this modelling.
The lateral heat flux can be expressed by the following expression: 
Approximately, 3 1 ≈ , Eq. 7 can be rewritten as: Fig. 9 shows the plot of correlation of the off-center heat fluxes in the combustion region for three different experiments by using the following correlation equation
It is observed that experimental data correlated well for the lateral heat flux within the combustion region using Eq. 9. This implies that the ratio rd and 4 th are the first, the second, the third and the fourth layer of the steel plate gauge above the top of the opening (see Fig.8 ), respectively)
Correlation of the Maximum Width of External Flames
Based on the illustration shown in Fig. 8 , the maximum flame width for experiments having different opening geometries and various gas supply rate were listed in Table 2 . It is observed from . Two parameters will affect the maximum width of the flame. One is the flame height (Z f ), the other is the aspect ratio of the opening (W/H). The latter parameter, W/H, can be more exactly expressed as the effective area of the outflow through an opening, which can be characterize by the length scale 1 . Therefore, the maximum width of the flame can be expressed as the following function
Based on Eq. 10, a dimensionless correlation equation for the maximum width of the flame is: Figures 11 and 12 show the correlation of flame height and pictures of the contour of the probability of the flame presence along the flame height correlation [16] , respectively. In order to display the effect of opening geometry and HRR of the burner on the flame shape (height and width) on the façade, dimensionless contours of the probability of the flame presence having the same reference level (neutral plane corresponding to each experiment) shown in Fig. 12 were made of by the following procedures.
FLAME SHAPES ON EXTERNAL INERT FAÇADE
1. Scaling each flame presence probability contour in both lateral and vertical directions by its corresponding length scale 1 2. Moving each picture up a distance of 0.6H/ 1 (H is the height of the opening which is corresponding to each experiment). The dot line below each picture represents the location of the neutral plane.
By inspecting the pictures shown in Fig. 12 , it can be observed that the flame height (Z f ) increase relatively with the dimensionless heat release rate ( 1 * Q ) which is dominated by the chemical energy ext Q generated by the combustion of the unburned gas ejected from the opening and the opening geometry. Thus, the physical meaning of correlation of flame height (Fig. 11 ) is able being explained by pictures shown in Fig. 12 . The major conclusions of this paper are:
1. A new steel plate probe (see Fig.3 ) [16, 17] calibrated and validated by comparing with Gardon gauge was employed to measure the heat fluxes in the façade.
2. The heat release rate inside the enclosure was verified to be 1500AH 1/2 (kW) for the under-ventilated fire experiments using propane and methane gas fuel (See Fig. 4) 
